Trans-epithelial migration describes the ability of migrating cells to cross epithelial tissues and occurs during development, infection, inflammation, immune surveillance, wound healing and cancer metastasis. Here we investigate Drosophila primordial germ cells (PGCs), which migrate through the endodermal epithelium. Through live imaging and genetic experimentation we demonstrate that PGCs take advantage of endodermal tissue remodeling to gain access to the gonadal mesoderm and are unable to migrate through intact epithelial tissues. These results are in contrast to the behavior of leukocytes, which actively loosen epithelial junctions to migrate, and raise the possibility that in other contexts in which migrating cells appear to breach tissue barriers, they are actually exploiting existing tissue permeability. Therefore, the use of active invasive programs is not the sole mechanism to infiltrate tissues.
INTRODUCTION
Cells undergoing trans-epithelial migration (TEM) must overcome the specialized cell-cell junctions of epithelial cells that form occluding barriers and obstruct cell migration. During leukocyte extravasation, a well-studied model of TEM, interactions between leukocytes and endothelial cells through ligand-receptor binding trigger a loosening of endothelial cell-cell junctions, allowing leukocytes to squeeze through these sites of reduced endothelial contact (Muller, 2011; Nourshargh et al., 2010) . Although the active remodeling of cell-cell contacts by migrating cells is an established mechanism of TEM, migrating cells in other systems might employ additional mechanisms.
In many species, primordial germ cells (PGCs), which are responsible for producing gametes, migrate through several tissues within the embryo as they travel to the site where the gonad will form (Richardson and Lehmann, 2010) . In Drosophila, PGCs start their active migration by penetrating an epithelium comprising endodermal cells. After crossing the endoderm, PGCs reorganize on the basal surface of the future midgut and migrate into the mesoderm where they contact and adhere to the somatic gonadal precursor cells (Moore et al., 1998; Warrior, 1994) . Migration through the endoderm requires activation of the G protein-coupled receptor (GPCR) Trapped in endoderm 1 (Tre1) within PGCs (Kunwar et al., 2008; Kunwar et al., 2003) . However, the signal that activates the Tre1 receptor is currently unknown. Transplantation studies indicate that the timing of PGC migration is dictated by the developmental stage of the endoderm, not by the developmental stage of the PGCs (Jaglarz and Howard, 1994) , consistent with a model in which the endoderm produces the Tre1 signal leading to PGC migration. PGCs do not initiate migration in embryos mutant for serpent (srp), a GATA transcription factor required for endoderm specification, further supporting this model (Moore et al., 1998; Reuter, 1994; Warrior, 1994) .
Concomitant with PGC migration, the endoderm undergoes epithelial remodeling as part of an epithelial to mesenchymal transition (EMT) (Campbell et al., 2011; Campos-Ortega and Hartenstein, 1985) . Discontinuities in circumferential adherens junctions and intercellular spaces between endodermal cells observed by electron microscopy have been postulated to act as exit sites for PGCs, although their functional role has never been tested (Callaini et al., 1995; Jaglarz and Howard, 1995) . In srp mutants EMT does not occur, nor does the epithelium display intercellular gaps (Campbell et al., 2011; Reuter, 1994) . Therefore, it is unknown whether the physical transformation of the endoderm from epithelium to mesenchyme is required for PGC migration or if the endoderm is responsible for generating a Tre1 signal leading to PGC migration.
To determine the role of the endoderm during PGC migration we assessed the ability of PGCs to migrate in genetic backgrounds that perturb epithelial remodeling, endodermal specification or epithelial maintenance. Our results indicate that PGCs are incapable of migrating through intact epithelial tissues and are dependent on developmentally regulated epithelial remodeling, which causes discontinuities in the endoderm that allow PGCs to migrate. We find that two independent programs are required for PGC migration through the endoderm: first, activation of Tre1 within PGCs as part of an autonomous migratory program; and second, disruption of the endodermal epithelium, which generates spaces within the tissue for PGC migration.
MATERIALS AND METHODS

Drosophila strains
The following Drosophila strains were used: crb 8F105 (FBal0001816) and (Ephrussi et al., 1991) ; tre1 EP5 (FBal0127254) (Kunwar et al., 2003) ; and P nos ::egfp-moe::nos 3ЈUTR (FBtp0040584) (Sano et al., 2005) .
Immunohistochemistry
The following primary antibodies were used: rabbit aPKC (1:250; Santa Cruz); rat DECad (1:50; DSHB); mouse -gal (1:250; Promega); rabbit -gal (1:10,000; Cappel); rabbit Vasa (1:2500; Lehmann lab); chicken GFP (1:250; Aves); and guinea pig DHB9 (1:500; J. Skeath, Washington University School of Medicine, MO, USA). Secondary antibodies were obtained from Jackson ImmunoResearch and Invitrogen. Phalloidin-Alexa Fluor 488 (1:250; Invitrogen) and phalloidin-TRITC (1:250; Sigma) were also used. Embryos were dechorionated using 50% bleach in water for 5 minutes and fixed using 1:1 10% methanol-free formaldehyde:heptane for 45 minutes. Embryos were hand devitellinized with 28G 1/2 needles (Becton Dickinson) in PBS containing 1% Triton X-100 and 1% BSA and were mounted in Vectashield (Vector Laboratories).
Quantification and statistical analysis
Adult flies were placed in 25°C incubators and embryos were collected at 45-minute intervals. Stage 9 embryos were fixed after 4 hours of incubation at 25°C. Stage 10 embryos were fixed after 5 hours of incubation at 25°C. Staging was determined by the percent of germ band extension and budding of the malpighian tubules, except in nullo-Gal4, UAS-N act , where the anterior stomodeal invagination was used because malpighian tubule formation is disrupted.
Fisher's exact test was performed via the VassarStats.net website, provided by Dr Richard Lowry (Vassar College, NY, USA).
Image acquisition
Fixed fluorescent images were acquired using a Zeiss LSM-510 confocal microscope and 20ϫ (Zeiss, Plan Apochromat, air, NA 0.8) and 63ϫ (Zeiss, Plan Neufluor, water immersion, NA 1.3) objectives. Images were processed using Photoshop software (Adobe).
Live images were acquired using a Prairie Technologies Ultima Multiphoton system with an Olympus BX51 W1 microscope and a Coherent Chameleon Ultra 1 80 MHz Ti:Saph laser controlled by Prairie View software. A 40ϫ objective (Olympus, UPlan FL, oil immersion, NA 1.3) was used. Movie files were generated using Imaris software (Bitplane). Still images from movies were extracted using ImageJ. Embryos were prepared for live imaging using an established protocol (Seifert and Lehmann, 2011) .
RESULTS AND DISCUSSION PGC migration coincides with extensive endodermal remodeling
We used multiphoton live imaging to visualize interactions between PGCs and the endoderm during TEM. To mark PGCs, the actinbinding domain of Moesin was fused to eGFP under the control of nanos regulatory sequences (P nos ::egfp-moe::nos 3ЈUTR), which allows the visualization of F-actin accumulation and cell dynamics (Sano et al., 2005) . PGCs rarely appeared extended or spindle shaped, as would be expected if they needed to squeeze through an epithelial barrier ( Fig. 1A ; supplementary material Movies 1, 2, 4). Because low levels of eGFP expression were detectable within the endoderm, epithelial remodeling could be visualized and was seen
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Development 139 (12) to occur simultaneously with PGC migration (Fig. 1B; supplementary material Movies 1, 3). eGFP became cortically enriched in endodermal cells as they lost their columnar appearance and delaminated from the epithelium. PGCs extended F-actin-rich protrusions toward these delaminating cells, possibly gauging the extent of epithelial integrity within the tissue, and migrated at sites of delamination (Fig. 1B ,C, yellow arrowheads). To extend these live observations, we visualized PGCs and atypical protein kinase C (aPKC) localization in fixed tissue (supplementary material Fig.  S1 ). While the epithelium remained intact, PGCs appeared clustered and non-migratory (supplementary material Fig. S1A ). However, once epithelial integrity appeared disrupted, as marked by a loss of aPKC localization, PGCs appeared migratory (supplementary material Fig. S1B ). These results support the hypothesis that a loss of epithelial integrity provides spaces within the endoderm, allowing PGCs to migrate through the tissue.
Delaying endodermal remodeling delays PGC migration During endodermal epithelial remodeling two subpopulations of endodermal cells are specified: the interstitial cell precursors (ICPs) and the adult midgut precursors (AMPs) (Tepass and Hartenstein, 1995) . ICP and AMP cell fate is determined by the expression of proneural genes and is inhibited in remaining endodermal cells by the Notch pathway (Tepass and Hartenstein, 1995) . Using the enhancer trap line inscuteable-lacZ (insc-lacZ), which labels both ICP and AMP cells, we observed the apical ingression of ICPs at stage 10, which correlated with the onset of PGC migration (Fig. 1D,E) . ICPs ingress apically from the surrounding epithelium, in contrast to other ingressing cells, which constrict their apical membrane and extrude basally allowing the neighboring epithelial cells to maintain epithelial integrity (Shook and Keller, 2003) .
To test whether the ingression of ICPs disrupts epithelial integrity, allowing PGCs to migrate through the endodermal epithelium, we blocked ICP and AMP specification by overexpressing an activated form of the Notch receptor N act using nullo-Gal4 (Go et al., 1998; Simpson and Wieschaus, 1990; Tepass and Hartenstein, 1995 Fig. S2 ). Embryos expressing N act display a statistically significant delay in the initiation of migration compared with sibling controls (Fig. 2A) . Although N act blocked cell ingression and delayed epithelial remodeling, EMT still occurred by stage 11 (supplementary material Fig. S2 ) (Tepass and Hartenstein, 1995) , which was sufficient for PGCs to migrate out of the endoderm. These results suggest that PGCs exploit ICP ingression in order to migrate through the endoderm while the remaining endodermal tissue is still epithelial. However, ingression does not appear to be absolutely necessary for PGC migration, as PGCs are able to migrate once endodermal-mesenchymal transition occurs.
PGCs do not regulate epithelial remodeling
During leukocyte TEM, the integrity of the endothelium is disrupted by ligand-receptor interactions between migrating immune cells and endothelial cells (Schnoor and Parkos, 2008) . Although previous work demonstrated that endodermal EMT is a developmentally programmed process that occurs in the absence of PGCs, it is unknown whether ICP ingression is regulated by PGCs (Callaini et al., 1995; Jaglarz and Howard, 1995; Tepass and Hartenstein, 1995) . To determine whether PGCs facilitate ingression of insc-lacZ cells, we analyzed insc-lacZ expression in embryos derived from oskar (osk) mutant females, which lay eggs devoid of PGCs (Lehmann and Nusslein-Volhard, 1986) (Fig. 2D-FЈ) . In embryos laid from osk 54/301 mutant females, we observed no obvious defects in cell ingression or later endoderm morphogenesis (Fig. 2F,FЈ) . These results indicate that epithelial remodeling is a 2103 RESEARCH REPORT PGC migration requires endodermal remodeling consequence of an endoderm-specific developmental program and occurs independently of the germ line. This highlights a significant difference between TEM of leukocytes, which actively reorganize cell-cell junctions, and TEM of PGCs, which exploit developmentally programmed remodeling of the epithelium.
PGC migration requires disruption of epithelial architecture but not endoderm specification
Although our results suggest that PGCs exploit endodermal remodeling for their migration, it is also possible that the endoderm is responsible for providing the Tre1 signal that allows PGC migration to occur. Endodermal fate is lost in srp mutants and the tissue fails to undergo EMT (Abel et al., 1993; Campbell et al., 2011; Reuter, 1994) . Consistent with a cell fate transformation, insc-lacZ cells are not specified and no cell ingression occurs (supplementary material Fig. S3 ). To determine whether the PGC migration defects in srp mutants are due to the persistence of epithelial integrity or are caused by loss of endodermal fate, we used crumbs (crb) mutants as a means to disrupt epithelial integrity. crb encodes a transmembrane protein that acts as an apical determinant in epithelial cells (Tepass et al., 1990; Wodarz et al., 1995) . In zygotic crb mutants the blastoderm epithelium is initially established; however, as epithelial tissues undergo morphogenesis they lose polarity and adhesion (Campbell et al., 2009) .
We compared the ability of PGCs to migrate in three conditions: wild-type; srp mutants, in which endodermal fate is lost and the epithelium is maintained; and srp,crb double mutants, in which endoderm fate is lost but epithelial integrity is disrupted (Fig. 3A-CЉ) . We scored stage 10 embryos for normal migration and found that srp,crb double mutants significantly rescued the srp block in PGC migration (P0.0003, two-tailed Fisher's exact test; Fig. 3B -CЉ,E). The rescue of PGC migration in srp,crb double mutants was not due to restored endodermal fate (supplementary material Fig.  S4 ). Therefore, PGCs are able to migrate in the absence of endoderm and, by extension, of any endoderm-specific signal, as long as epithelial integrity is disrupted. This indicates that the role of the endoderm during PGC migration is to instruct the remodeling of the epithelium, which generates spaces for PGCs to migrate.
Premature disruption of epithelium leads to precocious migration
Our results suggest that the integrity of the epithelium surrounding PGCs influences their ability to migrate. To examine whether precocious disruption of the epithelium affects PGC migration we analyzed crb mutants, in which the endodermal epithelium is disrupted by stage 9 ( Fig. 4A-BЉ; supplementary material Fig. S5) . Concomitant with the loss of epithelial organization, PGCs disperse prematurely in crb mutant embryos (Fig. 4B-BЉ,E) . Live imaging of stage 9 crb mutant embryos demonstrated that PGCs were actively migrating (supplementary material Movie 5). These results indicate that the timing of epithelial remodeling determines the initiation of PGC migration.
We confirmed that premature migration was due to the loss of crb in somatic tissues leading to a defect in epithelial organization and not due to a role of crb in PGCs by expressing UAS-crb using nullo-Gal4 in an otherwise crb mutant embryo (Fig. 4C-CЉ) . Suppression of the premature PGC migration phenotype correlated with rescue of the epithelial organization of the endoderm (Fig. 4C -CЉ,E). We also confirmed that endoderm specification was normal (supplementary material Fig. S5 ). Interestingly, insc-lacZexpressing cells were not found within the endoderm at stage 9 when PGCs initiate premature migration in crb mutants, indicating that ingressing cells are not required for PGC migration if the epithelium is otherwise disrupted (supplementary material Fig. S5 ).
To determine whether the PGC autonomous Tre1 signaling pathway is required for premature PGC migration, we analyzed crb mutant embryos that also lack maternal tre1. In these embryos, PGCs were unable to migrate, similar to the tre1 mutant phenotype (Fig. 4D-DЉ) . Thus, premature migration is dependent on the
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Development 139 (12) activity of the Tre1 GPCR. This result suggests that the Tre1 receptor is active in PGCs prior to the normal initiation of migration. PGCs are therefore competent and poised to migrate but await epithelial remodeling for initiation of their migration. Analysis of crb and crb,srp mutants clearly demonstrates that PGCs are able to migrate precociously and independently of endoderm specification. We propose that the Tre1 GPCR is active by stage 9, and possibly earlier, and that its activation does not require endoderm specification. These results suggest that two independent pathways regulate PGC migration through the endoderm. One pathway, requiring the activity of the Tre1 GPCR, acts in PGCs and controls the migratory program. A second, independent pathway under the control of the GATA transcription factor Srp specifies the endoderm program and provides a temporal cue for PGC migration by remodeling the endodermal epithelium. PGCs can be regarded as invasive cells owing to their ability to migrate through many tissues during embryogenesis. In this study, we establish that in order to reach the somatic gonad, PGC migration depends on the epithelial remodeling of the endoderm. Our results suggest that Drosophila PGCs lack the ability to induce remodeling in epithelial tissues. Instead, PGCs exploit developmentally programmed epithelial remodeling to successfully reach the gonad. Several recent findings hint that migrating cells in other systems might also exploit existing permeability to access new tissue environments. Mouse dendritic cells and Drosophila hemocytes appear to rely on tissue permeability and tissue remodeling, respectively, during migration (Baluk et al., 2007; Evans et al., 2010; Pflicke and Sixt, 2009 ). Additionally, the idea has been raised that because the vasculature within tumors is grossly compromised, it might not present an efficient barrier for cancer cell migration (Chung et al., 2010; Madsen and Sahai, 2010) . As cancer cells migrate through the interstitial tissue, they might actually encounter unimpeded paths existing within the tissue (Friedl and Alexander, 2011) . These observations combined with our work indicate that cells do not necessarily need to actively remodel tissue barriers, but instead can exploit existing permeability within one tissue to reach another. RESEARCH REPORT PGC migration requires endodermal remodeling In crb mutant embryos derived from tre1 mutant females the tissue is not epithelial; however, PGCs do not migrate out of the endoderm. (E)The percentage of stage 9 embryos with dispersed PGCs (genotypes as in A-C). In 16% (3/19) of wild-type embryos PGCs were dispersed, whereas 94% (16/17) of crb embryos had PGCs dispersed. In nullo-Gal4,UAS-Crb,crb embryos, 21% (4/19) had PGCs dispersed. Scale bar: 20m.
